Abstract: A novel benzothiazole-functionalized Schiffbase derivative L was prepared and its metal-ion sensing properties were investigated. Sensor L displays selective naked-eye color change from yellow to green in the presence of Cr 3+ in aqueous solution at pH 7.2, while other cations do not interfere with the recognition of Cr 
Introduction
Design and synthesis of fluorescent chemosensors capable of selective recognition of metal ions is an active field of research in supramolecular chemistry [1] [2] [3] [4] . Among the metal ions, Cr 3+ ion performs a crucial role in a wide range of biochemical processes, which is essential for good health in moderate intake; however, it is toxic at high concentration [5, 6] . Several biological functions depend directly or indirectly on the proper concentration and oxidation states of chromium to maintain the homoeostatic mechanism. Deficiency or overdose of chromium can lead to serious diseases, including Alzheimer's, Huntington's and Parkinson's disease [7, 8] . Ion recognition, particularly of toxic heavy metal ions is of intense interest as it has implications in the fields of environment, medicine and biology [9, 10] . Chemosensors for on-site selective and sensitive detection of such metal ions in aqueous phase is always endeavored. With the aid of suitable molecular probes, metal ions have been sensed in organic media, mixed organic solvents and aqueous-organic media [11] [12] [13] [14] [15] [16] . There are reports in the literature for specific sensing of Cr 3+ in aqueous solution using spectrophotometer, spectrofluorimeter and confocal microscope [17] [18] [19] [20] [21] [22] [23] . The potent toxicity of Cr 3+ drives the need of simple, convenient and naked-eye visualization method for the detection in aqueous solution.
Recently, benzothiazole and Schiff base derivatives have become research hotspot in recognition of various analytes [24] [25] [26] [27] [28] [29] . Here, we report a novel colorimetric chemosensor L based on a benzothiazole-functionalized Schiff-base derivative for the quantification of Cr 3+ in aqueous solution. Ligand L specifically binds to Cr 3+ in the presence of other competing cations with a substantial color change in HEPES buffer. This chemosensor provides a convenient and practical way to detect both Cr 3+ in the environment.
Results and discussion
Compound 2 was synthesized by condensation of 2-formylbenzothiazole (1) and thiosemicarbazide in the refluxing acetic acid for 8 h. The unique ligand L was then obtained by condensation of 2 and 2-bromoacetophenone (Scheme 1). The molecular structure of 2 and L were confirmed by NMR, mass spectra and elemental analysis (see Figures S1, S2, S5-S8 in the online supplement).
Host-guest recognition experiments in aqueous DMSO, HEPES buffered solution, pH 7.2, were carried out. The coordination of L with Cr 3+ was first investigated using UV-vis absorption spectroscopy. As shown in Figure 1 , the addition of Cr 3+ (10 μm) to L (5 μm) results in the spectral shift of the absorption peak from 378 nm to 589 nm along with color changes from yellow to green. Meanwhile, only slight absorption changes are induced by adding Cu
2+
. In an analogous way, no significant adsorption and color changes occur in the presence of other metal ions includ- ( Figure S10 ). The detection limit for Cr 3+ was estimated to be 2.1 × 10 −8 m based on a 3σ/slope analysis under these experimental conditions ( Figure S11 ). Furthermore, the fast fluorescence responses of L towards Cr 3+ was also confirmed by the addition of Cr 3+ (20 μm) to the solution of L (10 μm) in HEPES buffer. As shown in Figure S12 , upon the addition of Cr 3+ , a significant fluorescence response is observed within 5 min, indicating that the probe L could be used for the real-time detection of Cr 3+ .
For the biological application of L, the sensing should operate in the physiological range of pH. As shown in Figure 5 , the fluorescence intensity of L is stable in the pH range of 5-11. This result indicates that the probe L can be used as a chemosensor for Cr 3+ detection under physiological conditions.
To check further the practical applicability of receptor L as a selective receptor, we carried out competition experiments ( Figure 6 3+ by L in aqueous solution under these conditions. These results indicate that L could be an excellent chromogenic sensor for Cr 3+ over competing relevant metal ions in aqueous solution.
The green bars represent the emission changes of L in the presence of cations of interest (all are 20 μm). The red bars represent the changes of the emission that occurs upon the subsequent addition of 20 μm of Cr 3+ to the solution.
The reversibility of the recognition process of L was analyzed by adding a bonding agent, Na 2 EDTA. As shown in Figure 7 , the addition of Na 2 EDTA to a mixture of L and Cr 3+ results in the decrease of the fluorescence intensity, which indicates the regeneration of the free sensor L. It means that the receptor L could be used as a selective fluorescent sensor for detection and recognition of Cr 3+ in such fields of environmental analysis.
To verify the potential application of the fluorescent sensor L, the Cr 3+ determination in tap and bottled water samples was conducted using the fluorescence spectroscopy. The results were calculated by linear equation and are listed in Table 1 . All measurements were repeated three times. As can be seen, the recovery of Cr 3+ in all determined water samples ranges from 96.7 to 104.8% and the relative standard deviation (RSD) is under 1.83%. These data demonstrate that the present probe can be used for the practical detection of Cr 3+ in aqueous samples in the presence of potentially competing metal ion species.
The recognition mechanism of the sensor L with Cr 3+ was investigated by using mass and infrared spectra. The mass spectrum obtained in the presence of sodium ion shows a molecular-ion peak [ Figure S3 ). We studied the IR spectra of free ligand L and the complex L-Cr 3+ again and the results are shown in Figure S4 . Upon addition of Cr In addition, the slight change of aromatic frequency can be attributed to the coordination of the nitrogen of thiazole with Cr 3+ . Therefore, the observed differences in the IR spectra of L in the absence and presence of Cr 3+ , coupled with ESI-MS analysis and Job's plot analysis, are consistent with the proposed chelation as shown in Scheme 2. The L-Cr 3+ interactions may involve the imine nitrogen and the nitrogen of the thiazole group to forms a 1:1 complex (Scheme 2).
To better understand the nature of the coordination of Cr 3+ with L, energy-optimized structures of L and its corresponding complexes with Cr3 + were obtained using density functional theory (DFT) calculations at the B3LYP/6-31G(d) level using Lanl2dz basis set for simple receptor L and L-Cr 3+ complex. The spatial distributions and orbital energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of L and the corresponding metal complexes were also calculated. As shown in Figure 8 , the HOMO is distributed on the whole molecule in L, whereas LUMO is distributed on the benzothiazole ring in L. Meanwhile, the π electrons of HOMO of L-Cr 3+ is mainly distributed on the chromium and the benzothiazole. The LUMO is distributed on the chromium and the corresponding coordination site in L-Cr 3+ . The energy gaps between the HOMO and LUMO in the L and L-Cr 3+ were calculated to be 3.50210 eV and 2.34834 eV, respectively, indicating that the binding of Cr 3+ to L decreases the HOMO-LUMO energy gap of the complex and stabilizes the system. Thus, these results are consistent with a favorable complexation according to the proposed coordination. H NMR spectra (500 MHz) and 13 C NMR spectra (125 MHz) were recorded on a Bruker AV 500 spectrometer using DMSO-d 6 as solvent. ESI mass spectra were recorded on a Bruker Solarix 70 high-resolution instrument. Elemental analyses were performed on a Perkin-Elmer 240 analyzer. The UV-vis and fluorescence experiments were performed on a Lambda-900 spectrometer and a Perkin-Elmer LS-55 fluorescence spectrophotometer, respectively.
Conclusion

Synthesis of 2
A mixture of 2-formylbenzothiazole (5 mmol), thiosemicarbazide (5 mmol), glacial acetic acid (3 mL) and ethanol (20 mL) was magnetically stirred at reflux until the reaction was completed, as monitored by TLC. The resulting precipitate of 2 was collected and purified by silica gel column chromatography eluting with petroleum ether/ethyl acetate, 9:1 to afford 0.87 g (74%); 1 
Synthesis of L
A mixture of 1 (5 mmol), 2-bromoacetophenone (5 mmol) and acetic acid (30 mL) was magnetically stirred at reflux until the reaction was completed as monitored by TLC. The resultant precipitate of L was filtered and purified by silica gel column chromatography eluting with petroleum ether/ethyl acetate, 7:3 to afford compound L as an 
Recognition studies
The metal binding studies were performed in 10-mL volumetric flasks with fixed concentration of metal ion (0.2 mm) along with compound L (0.1 mm) in HEPES buffered solution (50 mm, pH 7.2). The titration experiments were conducted manually by stepwise addition of Cr 3+ to the buffered solution of compound L (10 mL). To guarantee the uniformity of solution, enough time was given before recording any spectrum. The association constant was calculated according to the equation of Benesi-Hildebrand [31] . The stoichiometry of compound L and Cr 3+ was determined by Job's method from the fluorescence data [32] . For fluorescence intensity measurements, the excitation wavelength was fixed at 358 nm. The slit widths were 10 nm/10 nm. ] is the concentration of Cr 3+ ion added, and K a is the binding constant.
Association constant calculation
